Alphaviruses such as Ross River virus (RRV) and chikungunya virus are mosquito-transmitted viruses that cause explosive epidemics of debilitating arthritis and myositis affecting millions of humans worldwide. Previous studies using a mouse model of RRV-induced disease demonstrated that viral infection results in a severe inflammatory arthritis and myositis and that complement component 3 (C3) contributes to the destructive phase of the inflammatory disease but not the recruitment of cellular infiltrates to the sites of RRV-induced inflammation. Here, we demonstrate that mice deficient in complement receptor 3 (CR3) (CD11b ؊/؊ ), a signaling receptor activated by multiple ligands including the C3 cleavage fragment iC3b, develop less-severe disease signs and decreased tissue destruction compared to RRV-infected wild-type mice. CR3 deficiency had no effect on viral replication, nor did it diminish the magnitude, kinetics, and composition of the cellular infiltrates at the sites of inflammation. However, the genetic absence of CR3 diminished the expression of specific proinflammatory and cytotoxic effectors, including S100A9/S100A8 and interleukin-6, within the inflamed tissues, suggesting that CR3-dependent signaling at the sites of inflammation contributes to tissue damage and severe disease.
Arthritis/myositis-associated alphaviruses, such as Ross River virus (RRV), chikungunya virus, o'nyong-nyong virus, mayaro virus, and others, are mosquito-transmitted viruses that cause debilitating inflammatory disease in humans (18, 37, 46) . In addition to causing endemic disease, this group of viruses is capable of causing explosive epidemics that can involve millions of infected individuals. Past epidemics include a 1979-to-1980 epidemic of RRV disease in the South Pacific that involved more than 60,000 patients (20) and a 1959-to-1962 epidemic of o'nyong-nyong fever in Africa that involved at least 2 million patients (57) . More recently, a reemergence of chikungunya virus has resulted in an unprecedented epidemic in multiple countries, including Indian Ocean islands such as the Comoros, Reunion, Mayotte, Seychelles, and Mauritius as well as India, Sri Lanka, and Indonesia (36, 37) . The number of infected individuals involved thus far in this ongoing epidemic is in the millions, with an estimated 1.4 to 6.5 million cases in India alone (29) . In addition, from July to September 2007, an outbreak of chikungunya virus occurred in northeastern Italy, resulting in 205 confirmed human cases and detection of the virus within the local mosquito population (4, 40) .
Clinical signs and symptoms following infection with arthritis/myositis-associated alphaviruses include fever, rash, muscle pain, and severe joint pain, with the peripheral joints, such as the ankles, knees, wrists, and joints of the hands, most commonly affected (19, 20, 37) . Treatment is palliative and based on analgesics and anti-inflammatory drugs. The resolution of disease symptoms generally occurs over several weeks; however, many patients complain of chronic pain lasting 6 months or longer, suggesting that these viruses may be responsible for long-term health effects (20, 39) .
The disease caused by this group of viruses is believed to be initiated by viral replication and the induction of host inflammatory responses within the affected tissues. This is based on the detection of RRV RNA and antigen in joint tissues of affected patients as well as the presence of large number of inflammatory cellular infiltrates, consisting primarily of monocytes and macrophages, within synovial effusions (16, 21, 45) . Additionally, chikungunya virus antigen, severe myositis with inflammatory macrophages and T lymphocytes, and myofibril pathology have been detected in quadriceps muscle biopsy samples collected from chikungunya virus-infected patients (34) .
The complement system, which consists of more than 30 soluble and cell surface proteins, is a major component of innate immunity that functions to recognize and eliminate invading pathogens (9) . Activation of the complement system occurs through multiple mechanisms that include three welldescribed pathways: the classical, lectin, and alternative complement activation pathways. Activation of the complement system results in a cascade of enzymatic proteolysis of various components of the complement system, including complement component 3 (C3), C4, and C5. The proteolytic processing of C3 generates an array of cleavage products that are involved in the amplification of complement activity through the formation of C3 and C5 convertases, the opsonization of pathogens, and the attraction and activation of leukocytes of both the innate and adaptive arms of the immune response.
Regulation of trafficking and effector functions of leukocytes via C3-, C4-, and C5-derived cleavage products occurs through interactions with a number of cell surface receptors. Complement receptor 3 (CR3) (CD11b/CD18, Mac-1, ␣ m ␤ 2 ) is a member of the ␤2 integrins, which are heterodimeric cell sur-face proteins composed of a common ␤ chain (CD18) and one of four ␣ chains (14, 41) . The ␤2 integrins regulate the accumulation and activation of neutrophils, macrophages, and natural killer cells at sites of tissue inflammation and injury. CR3 binds a number of different ligands, including iC3b, ICAM-1 and ICAM-2, and fibrinogen, within the I-domain of the CD11b subunit (3, 11, 44, 58, 59) . Additionally, CR3 contains a lectin domain within the C-terminal region of CD11b that interacts with polysaccharides (42, 50, 60) .
Recently, our group developed an experimental mouse model to investigate the immunopathogenesis of arthritis/ myositis-associated alphaviruses based on RRV infection of C57BL/6 mice (32) . Following the inoculation of 3-to 4-weekold mice, RRV rapidly spreads to joint and skeletal muscle tissue via a high-titer serum viremia (32) . Viral titers peak in tissues at 24 to 48 h postinfection and decline thereafter. At later times postinfection, RRV-infected mice develop severe inflammation within joint and skeletal muscle tissues that correlates with observable disease signs such as a loss of gripping ability, altered gait, and hind-limb weakness (28, 32) . Utilizing this model, we demonstrated that C3 activation products, such as the CR3 ligand iC3b, were detected at the sites of RRVinduced inflammation and that C3 was critical for the tissue destruction phase of RRV-induced inflammatory disease (31) . In addition, work from that study indicated that C3 was not required for recruitment of inflammatory leukocytes to the sites of RRV-induced inflammation, suggesting that complement activation may regulate the activation phenotypes of inflammatory leukocytes at the sites of RRV-induced inflammation.
In this study, we assessed the role of CR3 in the pathogenesis of RRV infection. We found that mice deficient in CR3 (CD11b Ϫ/Ϫ ) developed inflammation of joint and skeletal muscle tissue following RRV infection. However, CD11b Ϫ/Ϫ mice exhibited less-severe disease signs and tissue damage compared to wild-type (WT) mice, suggesting that like C3, CR3 contributes to the tissue destruction phase of the inflammatory disease. These findings are consistent with a model in which CR3-dependent regulation of inflammatory cell function at the sites of inflammation promotes alphavirus-induced disease.
MATERIALS AND METHODS
Viruses and cells. Viral stocks of the mouse-virulent T48 strain of RRV were generated from the full-length T48 cDNA clone (provided by Richard Kuhn, Purdue University) as previously described (32) . The T48 stain of RRV was isolated from Aedes vigilax mosquitoes in Queensland, Australia (13) . Prior to cDNA cloning, the virus was passaged 10 times in suckling mice followed by two passages on Vero cells (10) . Viral stocks were titrated by plaque assay on BHK-21 cells as described previously (32) .
BHK-21 cells were grown in ␣-minimal essential medium (Gibco) supplemented with 10% donor calf serum, 10% tryptose phosphate broth, and 0.29 mg/ml L-glutamine.
Mouse experiments. C57BL/6J, C3 Ϫ/Ϫ , and CD11b Ϫ/Ϫ mice (on a C57BL/6 background), were obtained from Michael Carroll or The Jackson Laboratory (Bar Harbor, ME) and bred in-house. Animal husbandry and experiments were performed in accordance with all UNC-CH Institutional Animal Care and Use Committee guidelines. Although RRV is classified as a biosafety level 2 pathogen, due to its exotic nature all mouse studies were performed in a biosafety level 3 laboratory. Twenty-four-day-old mice were used for all in vivo studies. Mice were inoculated in the left rear footpad with 10 3 PFU of virus in diluent (phosphate-buffered saline [PBS]-1% bovine calf serum) in a 10-l volume. Mockinfected animals received diluent alone. Mice were monitored for disease signs and weighed at 24-h intervals. Disease scores were determined by assessing grip strength, hind-limb weakness, and altered gait as previously described (31, 32) . Viral titers. RRV tissue titers were determined by plaque assay on BHK-21 cells as previously described (32) .
Histological analysis. At the times indicated, mice were sacrificed and extensively perfused with 4% paraformaldehyde, pH 7.3. Tissues were embedded in paraffin and 5-m sections were prepared. To determine the extent of inflammation and tissue pathology, tissues were stained with hematoxylin and eosin (H&E) (32) . Stained sections were blinded and scored for (i) the extent of inflammatory cell infiltration of the tissue and (ii) the extent of tissue damage. Both scoring systems utilized a 10-point scale where a score of 0 indicated no inflammation or damage, a score of 5 indicated moderate inflammation or damage, and a score of 10 indicated total inflammatory involvement or destruction of the tissue.
In situ hybridization. In situ hybridization was performed as described previously (22) . Briefly, a 35 S-labeled RRV-specific riboprobe (complementary for RRV nucleotides 7300 to 7775) was generated using SP6 RNA polymerase (Promega) and a NotI-linearized DNA plasmid template. A 35 S-labeled riboprobe complementary for the EBER2 gene from Epstein-Barr virus was used as a negative control. Deparaffinized tissue sections were hybridized with 5 ϫ 10 4 cpm/l of 35 S-labeled riboprobes overnight. Tissues were washed, dehydrated through graded ethanol, and immersed in NTB autoradiography emulsion (Kodak). Following development, sections were counterstained with hematoxylin and silver grain deposition was analyzed by light microscopy.
Flow cytometry. Mice were inoculated as described above, sacrificed by exsanguination at 7 and 10 days postinfection (dpi), and perfused with 1ϫ PBS. Quadriceps muscles were dissected, minced, and incubated for 2 h with vigorous shaking at 37°C in digestion buffer (RPMI, 10% fetal bovine serum, 15 mM HEPES, 2.5 mg/ml collagenase A [Roche], 1.7 mg/ml DNase I [Sigma]). Digested tissues were passed through a 40-m cell strainer, pelleted, resuspended in RPMI medium, layered on 5 ml lympholyte-M (Cedarlane), and centrifuged for 30 min at 2,500 rpm. Banded cells were collected and washed in wash buffer (1ϫ Hanks balanced salt solution, 15 mM HEPES), and viable cell totals were determined by trypan blue exclusion. Isolated cells were incubated with antimouse Fc␥RII/III (2.4G2; BD Pharmingen) for 20 min on ice and then stained in fluorescence-activated cell sorter staining buffer (1ϫ Hanks balanced salt solution, 1% fetal bovine serum, 2% normal rabbit serum) with the following antibodies: anti-NK1.1-phycoerythrin (PE) (eBioscience), anti-CD3-fluorescein isothiocyanate (FITC) (eBioscience), anti-F4/80-FITC (eBioscience) or F4/ 80-PE (Serotec), CD115-FITC (eBioscience), anti-CD11b-allophycocyanin, or GR-1-PE (eBioscience). Biotin conjugates were detected with StreptavidinPerCP (eBioscience). Cells were fixed overnight in 2% paraformaldehyde and analyzed on a cyan cytometer (Becton Dickinson) using Summit software.
Statistical analyses. Disease scores were evaluated for statistically significant differences by the Mann-Whitney test with the Bonferroni correction (a P value of Ͻ0.008 was considered significant) or the Kruskal-Wallis test (nonparametric analysis of variance [ANOVA] ). Viral titers were evaluated for statistically significant differences by ANOVA (a P value of Յ0.05 was considered significant). Histology scores, inflammatory cell numbers, and gene expression data were evaluated for statistically significant differences by the Kruskal-Wallis test or the Mann-Whitney test (a P value of Յ0.05 was considered significant) using GraphPad InStat3 software.
RESULTS

CD11b
؊/؊ mice develop less-severe disease following RRV infection. In previous studies, complement activation products, such as C3a and the CR3 ligand iC3b, were detected at the sites of RRV-induced inflammation in mice and humans (31) . Furthermore, despite similar cellular infiltrates at the sites of inflammation, mice deficient in C3 developed less-severe disease signs and tissue destruction following RRV infection (31) . Since earlier studies demonstrated a role for macrophages in mediating the destructive phase of RRV-induced disease (27, 28) , we tested whether CR3, which regulates the activation of macrophages and NK cells, contributed to RRV-induced disease by use of mice deficient in the CD11b component of CR3 (CD11b Ϫ/Ϫ ). Twenty-four-day-old WT (n ϭ 6) and CD11b
(n ϭ 16) mice were inoculated with 1,000 PFU of RRV and scored for the development of disease signs including loss of gripping ability, hind-limb weakness, and altered gait. Consistent with previous studies (31, 32) , WT mice developed severe disease signs that peaked at 7 to 10 dpi (Fig. 1A ). In contrast, RRV infection of CD11b Ϫ/Ϫ mice resulted in significantly reduced disease scores from 7 to 14 dpi (Fig. 1A) . To further confirm that CD11b Ϫ/Ϫ mice develop less-severe signs of disease following RRV infection, we plotted disease scores at 7 dpi (Fig. 1B , left) and 10 dpi (Fig. 1B , right) for all other WT (n ϭ 31) and CD11b Ϫ/Ϫ (n ϭ 30) mice infected during the course of these studies. At both time points, CD11b Ϫ/Ϫ mice had significantly reduced disease scores compared to WT mice (P Ͻ 0.0001). These findings indicate that the genetic absence of CD11b significantly reduced the severity of RRV-induced disease and suggested that CR3 may regulate the host inflammatory response.
Viral loads and tissue tropisms are similar in WT and CD11b
؊/؊ mice. To determine whether CD11b deficiency alters viral loads within tissues, the amounts of infectious virus present in joint and skeletal muscle tissues of RRV-infected WT and CD11b Ϫ/Ϫ mice at 1, 3, 5, and 7 dpi were quantified by plaque assay. No significant differences in viral loads were detected at any time point examined for joint tissue ( Fig. 2A and B) or quadriceps muscle tissue ( Fig. 2C and D) harvested from either the injected limb ( Fig. 2A and C) or the noninjected limb (Fig. 2B and D) . These findings suggest that (i) the ability of RRV to replicate and spread within these tissues is not significantly impacted by the genetic deficiency of CD11b and (ii) the differences in RRV-induced disease signs in CD11b Ϫ/Ϫ mice ( Fig. 1) is not explained by differences in viral loads.
To assess whether the genetic deficiency of CD11b altered viral tropism for specific cells within tissues or impacted viral replication at later time points that are difficult to accurately assess by plaque assay, the specific sites of RRV replication in WT and CD11b Ϫ/Ϫ mice were assessed at 2, 7, and 10 dpi by in situ hybridization using a 35 S-labeled riboprobe specific for RRV. At 2 dpi, a time point at which previous studies identified high levels of viral replication (31, 32) , RRV-specific signal was detected within the perimysium and myofibers of skeletal muscle tissue from both WT and CD11b Ϫ/Ϫ mice, indicating that the virus targets similar cells in both strains of mice at a time of high viral loads (Fig. 3, top) . Similar distribution and intensity of RRV-specific in situ signal were observed at 7 dpi (Fig. 3, middle) . At the time of peak disease scores, 10 dpi, only rare, small foci of RRV-specific in situ signal were observed for skeletal muscle tissue from RRV-infected WT and CD11b (Fig. 3, bottom) . Collectively, these experiments suggest that CD11b Ϫ/Ϫ mice develop less-severe RRV-induced disease signs despite similar viral loads and viral distributions within the affected tissues.
RRV infection induces inflammation but less-severe tissue destruction in CD11b
؊/؊ mice. To investigate whether the reduced disease signs in CD11b Ϫ/Ϫ mice correlated with differences in tissue inflammation and pathology, histological analyses of hind-limb joint and skeletal muscle tissues were performed by staining fixed sections with H&E. In contrast to what was seen for mock-infected mice, inflammatory infiltrates were readily observed bilaterally in synovial tissues of the metatarsophalangeal joints of both WT and CD11b Ϫ/Ϫ mice at 7 and 10 dpi, suggesting that CD11b is not strictly required for cellular recruitment to these sites of inflammation (Fig. 4A) . Similarly, inflammatory infiltrates were observed in skeletal muscle tissue of RRV-infected WT and CD11b Ϫ/Ϫ mice at 7 dpi (data not shown) and 10 dpi (Fig. 4B, top) . Skeletal muscle tissue sections derived from RRV-infected CD11b Ϫ/Ϫ mice appeared similar to the corresponding sections derived from RRV-infected C3 Ϫ/Ϫ mice from earlier studies (31) . That is, despite extensive tissue inflammation at similar levels, the overall levels of tissue destruction in both C3
Ϫ/Ϫ and CD11b Ϫ/Ϫ mice were less severe than that seen for WT mice. Therefore, tissue sections were derived from WT, CD11b
, and C3 Ϫ/Ϫ mice at 10 dpi, a time point of peak disease scores, inflammation, and tissue pathology, and at 20 dpi, a time point at which inflammation was resolved but tissue destruction was readily observed. These sections were then scored in a blinded manner as described in Materials and Methods for the extent of inflammatory cell infiltration (inflammation score) and the extent of tissue damage. As shown in Fig. 4B and C, no significant differences were detected in the extents of inflammatory cell infiltration of skeletal muscle tissue of all three strains of mice at 10 or 20 dpi. Consistent with previous findings (31), the degree of tissue damage was reduced in C3 Ϫ/Ϫ mice at 10 dpi. Similarly, skeletal muscle tissue from RRV-infected CD11b Ϫ/Ϫ mice lacked the severe signs of tissue damage observed for RRVinfected WT mice (Fig. 4B) , and this was reflected in reduced tissue damage scores, although these differences did not reach statistical significance as determined by the Kruskal-Wallis test (nonparametric ANOVA). At 20 dpi, both CD11b Ϫ/Ϫ and C3 Ϫ/Ϫ mice had significantly reduced tissue damage compared to RRVinfected WT mice ( Fig. 4B and 4C ). Taken together, these studies suggest that similar to C3, CD11b promotes tissue damage following RRV infection by a mechanism(s) that is independent of the recruitment of cellular infiltrates to the sites of RRV-induced inflammation.
To further confirm that inflamed tissues from RRV-infected WT and CD11b Ϫ/Ϫ mice contain similar numbers and compositions of inflammatory infiltrates, which are composed primarily of macrophages, NK cells, and T lymphocytes (31, 32), we isolated and quantified infiltrating leukocytes from skeletal muscle tissue at 7 and 10 dpi. Interestingly, at 7 dpi we isolated more inflammatory cells from skeletal muscle tissue of RRVinfected CD11b Ϫ/Ϫ mice than from WT mice (Fig. 5A ). However, similar total numbers of inflammatory infiltrates were isolated from tissues at 10 dpi (Fig. 5A) suggesting that the increase observed at 7 dpi was a transient effect. Previous work from other researchers demonstrated that treatment of mice with macrophage-depleting agents, such as clodronate-containing liposomes, dramatically reduced the severity of RRVinduced disease, implicating an important role for macrophages in RRV pathogenesis (27, 28) . Therefore, flow cytometry was utilized to quantify the number of macrophages
FIG. 3. RRV infection in skeletal muscle tissue. Twenty-four-day-old C57BL/6J WT or CD11b
Ϫ/Ϫ mice were infected with 10 3 PFU of RRV by injection in the left rear footpad. Mice were sacrificed at 2, 7, and 10 dpi and perfused with 4% paraformaldehyde. Five-micrometer-thick paraffin-embedded sections derived from the quadriceps muscles were hybridized with a 35 S-labeled riboprobe complementary either to the EBER2 gene from Epstein-Barr virus (control probe) or to RRV. Images (magnification, ϫ100) are representative of three or four mice per group.
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MORRISON ET AL. J. VIROL. present in inflamed skeletal muscle tissue of WT and CD11b Ϫ/Ϫ mice at times of peak disease scores and tissue damage (7 and 10 dpi). Reflecting the higher total number of cellular infiltrates isolated from RRV-infected CD11b Ϫ/Ϫ mice at 7 dpi, significantly more F4/80 ϩ cells were detected in tissue from CD11b Ϫ/Ϫ mice at this time point (Fig. 5B) . Similar numbers of F4/80 ϩ cells were detected in tissue from WT and CD11b Ϫ/Ϫ mice at 10 dpi (Fig. 5C ). These cell populations were 
cells (NK cells) isolated trended toward being higher in CD11b
Ϫ/Ϫ mice than in WT mice at 7 dpi (Fig. 5B) . These results confirm that the reduced disease signs observed following RRV infection of CD11b Ϫ/Ϫ mice is not due to a diminished recruitment of inflammatory macrophages or other inflammatory cell populations to the sites of RRV-induced inflammation and are consistent with the notion that CR3 plays a more important role in the activation of leukocyte effector functions than in their recruitment and migration (24) .
CD11b regulates the expression of specific proinflammatory and cytotoxic effectors. The data outlined above indicated that CR3 deficiency significantly reduced the severity of RRV-induced disease but did not diminish the recruitment of effector cells that have been implicated in RRV pathogenesis, such as macrophages, to the sites of inflammation. Therefore, we evaluated the RNA transcript levels of genes that are associated with inflammatory diseases, cellular cytotoxicity, and macrophage activation phenotypes within skeletal muscle tissue of mock-or RRV-infected WT and CD11b Ϫ/Ϫ mice at 7 dpi by quantitative real-time PCR. To further evaluate the role of the complement system in the regulation of gene expression within the inflamed tissues, we included mock-and RRV-infected C3 Ϫ/Ϫ mice in these analyses. As shown in Fig. 6 , three major patterns of gene expression profiles were observed. First, we identified genes, such as those for tumor necrosis factor alpha, interleukin-1␤ (IL-1␤), and IL-10, that were induced to similar levels in RRV-infected WT, C3
Ϫ/Ϫ , and CD11b Ϫ/Ϫ mice compared to mock-infected mice (Fig. 6, top) . These findings suggest that the induction of these genes following RRV infection is regulated by C3-and CD11b-independent mechanisms and further confirm that many aspects of the RRV-induced inflammatory response are similar in WT, C3 Ϫ/Ϫ , and CD11b Ϫ/Ϫ mice were mock infected or infected with 10 3 PFU of RRV by injection in the left rear footpad. Total RNA from the right quadriceps muscle was isolated at 7 dpi and analyzed for mRNA expression by quantitative real-time PCR. Data are normalized to 18S rRNA levels and are expressed as the relative expression (n-fold increase) over RNA isolated from quadriceps muscles of mock-infected controls. Each bar represents the arithmetic mean Ϯ SEM of six mice per group. ‫,ء‬ Statistically significant differences compared to WT values as determined by the Kruskal-Wallis test (P Ͻ 0.05).
including the proinflammatory genes for S100A9, S100A8, and IL-6, was significantly reduced in RRV-infected C3 Ϫ/Ϫ and CD11b Ϫ/Ϫ mice compared to WT mice (Fig. 6, middle) . These findings suggest that these genes may be regulated in both a C3-and a CD11b-dependent manner following RRV infection, which implicates an interaction of CR3 with its C3-derived ligand iC3b, as the regulatory mechanism. Intriguingly, S100A9 and S100A8 form a heterodimeric complex that is secreted from activated leukocytes such as macrophages and neutrophils (33, 62) . Levels of this complex are elevated in inflamed tissues of rheumatoid arthritis patients and in patients with inflammatory muscle diseases, and the expression of these proteins by inflammatory macrophages has been associated with the degeneration of muscle fibers (33, 43, 47) . Finally, we detected significantly reduced induction of RNA transcripts encoding arginase I in RRV-infected C3 Ϫ/Ϫ mice compared to what was seen for WT and CD11b Ϫ/Ϫ mice (Fig. 6, bottom) . Arginase I is an enzyme involved in L-arginine metabolism that is associated with a distinct macrophage activation phenotype, termed alternatively activated, which is implicated in tissue repair, fibrosis, and in some cases exacerbated pathology (7, 17, 49) . These findings suggest that the induction of this gene following RRV infection occurs by a C3-dependent, but CD11b-independent, pathway. Taken together, these analyses suggest that the activation of the complement system following RRV infection regulates the expression of specific effector genes at the sites of inflammation. Furthermore, the findings suggest that this complement-mediated regulation occurs by both CD11b-dependent and CD11b-independent mechanisms.
DISCUSSION
Alphaviruses are a significant cause of infectious arthritis and myositis in humans, and we and others have used mouse models of RRV to define the mechanisms underlying these virus-induced inflammatory diseases. Chikungunya virus-and RRV-induced arthritides in humans are characterized by inflammatory cell infiltration into afflicted joint and muscle tissue, which strongly suggests that immune-mediated pathology contributes to virus-induced disease. This idea is supported by work with the RRV mouse model, in which the ablation of macrophages or the blockade of proinflammatory cytokines significantly reduced RRV-induced disease and tissue damage (27, 28) . Additional studies demonstrated that the host complement system plays a major role in the pathogenesis of RRVinduced inflammatory disease, since mice deficient in the C3 component of complement exhibited significantly reduced RRV-induced disease signs and tissue destruction (31) . The complement system plays a prominent role in a number of inflammatory diseases, including several murine models of immune-mediated arthritis (2, 23, 25) . Interestingly, the role of the complement system in the RRV model of virus-induced arthritis/myositis appeared to differ from other arthritis models in that C3 was required for inflammatory tissue destruction but not the recruitment of inflammatory cells into the affected tissues (31) . This suggested that complement contributes to tissue destruction through one or more downstream effector pathways. Given the prominent role of macrophages in the destructive disease process (27, 28) and the fact that CR3 signaling regulates macrophage effector functions, including cytotoxic activity (14, 41) , we assessed whether CR3 contributed to the pathogenesis of RRV-induced inflammatory disease. As shown in this report, mice lacking CR3 show significantly reduced disease signs and reduced tissue destruction following RRV infection. The decreased disease signs were not accompanied by any significant differences in RRV replication or diminished recruitment of inflammatory leukocytes, including macrophages, into the inflamed muscle or joint tissue. These results, which are similar to previous findings with C3-deficient mice, suggest that CR3 may act downstream of inflammatory cell invasion and complement activation to promote tissue destruction during RRV infection.
CR3 is expressed to high levels on monocytes/macrophages, NK cells, and neutrophils, plays a major role in regulating several aspects of the inflammatory response, including leukocyte adhesion/migration, phagocytosis, and inflammatory cell activation/degranulation, and binds a wide range of ligands, including iC3b and ICAM-1 and -2, and fibrinogen. CR3 regulates cellular adhesion via interactions with ICAM-1, ICAM-2, and the extracellular matrix (14, 41) . Therefore, there was a strong possibility that CR3-deficient mice would exhibit a defect in inflammatory cell recruitment or invasion into the sites of inflammation. However, our studies indicated that CR3-deficient mice exhibited no measurable defect in the recruitment or invasion of cellular infiltrates into joint and skeletal muscle tissue (Fig. 4 and 5) . In fact, higher numbers of cellular infiltrates were detected in skeletal muscle tissue of RRV-infected CD11b Ϫ/Ϫ mice at 7 dpi (Fig. 5) . These finding are consistent with other studies where the absence of CR3 enhanced or did not affect leukocyte recruitment into the inflammatory sites (24, 56) . These results also suggest that the RRV inflammatory disease model differs from antibody-induced arthritis, where CR3 deficiency did not impact disease severity (56) .
CR3 has been shown to enhance the infection of monocytic cells and immature dendritic cells by complement-opsonized human immunodeficiency virus (1, 5, 6, 38) and flaviviruses (8) , and CR3-dependent signaling has been shown to enhance human immunodeficiency virus replication (48) . These findings raised the possibility that CR3 deficiency may affect RRVinduced disease by alteration of viral replication or spread. However, we did not detect any significant differences in viral loads or viral distributions within the affected joint and skeletal muscle tissues of RRV-infected CD11b Ϫ/Ϫ mice compared to WT mice at multiple early and late time points within the disease process ( Fig. 2 and 3) . These results suggest that the effects of CR3 on RRV-induced disease are not due to effects on viral replication; however, we cannot rule out that CR3 may promote nonproductive infection of specific cell types that could lead to alterations in cellular functions.
CR3 signals in a Syk-and phosphatidylinositol 3 kinasedependent manner to induce cytotoxic activation of macrophages, NK cells, and neutrophils (26, 30) . The ligation of CR3 on peritoneal macrophages leads to activation, including enhanced production of reactive oxygen intermediates (12) , while the activation of CR3 by iC3b and beta glucans significantly enhances macrophage and NK cell cytotoxic activity against tumor cells (55, 61) . CR3 has also been shown to enhance the Toll-like receptor 4-dependent activation of murine macrophages (35) and has been shown to act in concert with Fas to VOL. 82, 2008 CR3 CONTRIBUTES TO RRV-INDUCED DISEASE 11269
on September 22, 2017 by guest http://jvi.asm.org/ promote smooth muscle cell killing by activated macrophages (54) . Therefore, it is likely that the effects of CR3 in the RRV inflammatory disease model are at least partly due to its ability to regulate macrophage and/or NK cell activation and subsequent cytotoxicity. This is supported by the findings in this study that CR3 was required for the upregulation of at least a subset of genes within the inflamed tissue (Fig. 6) . The genetic absence of CR3 significantly diminished the RRV-induced expression of S100A9, S100A8, and IL-6 genes within inflamed skeletal muscle tissue. In addition, the induction of these genes was also decreased in RRV-infected C3 Ϫ/Ϫ mice, suggesting that the induction was regulated, at least in part, by CR3 interaction with its C3-derived ligand iC3b. However, the interaction of CR3 with other ligands may also contribute to the effects. The diminished induction of IL-6 was similar to what was found in previous studies utilizing a mouse model of collagen-induced arthritis that found CR3 interaction with fibrin was required for the induction of IL-6 and that this effect correlated with a reduced severity of arthritis (15) . However, in contrast to what was found in that study, CR3 deficiency had no effect on RRV-induced expression of tumor necrosis factor alpha or IL-1␤. Interestingly, IL-6 induces skeletal muscle breakdown and the presence of IL-6 in inflamed muscle tissue contributes to skeletal muscle degeneration (53) . In addition, IL-6 transgenic mice suffer skeletal muscle atrophy which can be reversed by treatment with IL-6 receptor antibody (51, 52) , suggesting that high levels of IL-6 within the diseased tissues may contribute to RRV pathogenesis. Our findings that C3 and CR3 were both required for full induction of S100A9 and S100A8 at the sites of RRV-induced inflammation potentially identifies a novel regulatory mechanism for these secreted proinflammatory and cytotoxic factors. As mentioned above, the S100A9/S100A8 complex is elevated in inflamed tissues of rheumatoid arthritis patients and patients with inflammatory muscle diseases (33, 43, 47) . Furthermore, the expression of these proteins by inflammatory macrophages has been associated with the degeneration of muscle fibers (43) , and these proteins have been shown to have direct cytotoxic effects, including plasma membrane damage, on cultured muscle cells and endothelial cells (43, 54) . Since CR3 deficiency had no effect on viral replication or clearance, the results support the idea that complement-dependent inflammatory cell activation represents an immunopathologic response that contributes to the tissue damage incurred during infection with arthritic alphaviruses. These findings suggest that interfering with CR3-dependent signaling may represent a potential therapeutic approach to treating alphavirus-induced inflammatory disease, which is significant given that there are no approved vaccines or targeted therapeutics for any of these pathogens.
The results presented in this study clearly demonstrate a role for CR3 in the pathogenesis of RRV-induced arthritis/myositis; however, RRV-infected CD11b Ϫ/Ϫ mice trended to exhibit more-severe disease signs and tissue pathology compared to infected C3 Ϫ/Ϫ mice. Therefore, it remains a possibility that other complement effector pathways contribute to RRV-induced disease, and this requires further evaluation. For example, other complement-dependent signaling pathways, such as the C3a receptor, which also regulates leukocyte effector functions, may be required for full activation and subsequent tissue destruction by the inflammatory cells. This is supported by our findings that some genes are regulated by both C3 and CR3, but other genes that are affected by C3 deficiency are not affected in tissues from CR3-deficient mice (Fig. 6 ). While this may reflect other inflammatory changes within the tissue rather than direct signaling through CR3 or other complement receptors, the possibility that multiple complement receptors are activated and drive the inflammatory destructive process needs to be addressed further.
In summary, the results presented in this study define a role for CR3 in mediating alphavirus-induced inflammatory disease, which further establishes that the host complement cascade plays a major role in driving virus-induced pathology within the mouse model. Not only do these results extend our understanding of the processes underlying alphavirus-induced arthritis/myositis, they also suggest that interfering with the complement cascade and complement receptor signaling may represent a useful route for therapeutic intervention.
